Introduction
In marked contrast to the very extensive chemistry with d-block metals, complexes of the p-block metals and metalloids with soft neutral ligands such as phosphanes or arsanes have been relatively little investigated. Whilst a variety of phosphane complexes are known for the heavier halides of Ga III , In III , Bi III and Sn IV , little is known about other Lewis acids in this block.
1- 4 Complexes of the p-block fluorides with phosphanes are extremely rare, and apart from some very early work on SiF 4 , 1 the only examples are from our recent study of SnF 4 adducts, 5 which provided detailed spectroscopic and structural data on a range of complexes including [SnF 4 (diphosphane)] (diphosphane = o-C 6 H 4 (PR 2 ) 2 , R = Me or Ph; R 2 P(CH 2 ) 2 PR 2 , R = Me, Et, Cy or Ph) and trans-[SnF 4 (PR 3 ) 2 ] (R = Me or Cy). 5 There are no reports of tertiary phosphane complexes of GeF 4 , and with GeCl 4 the reports are few and apparently contradictory. Beattie 6 and Ozin 7 and their coworkers reported the formation of trans-[GeCl 4 (PMe 3 ) 2 ] and [GeX 4 (PMe 3 )] (X = Cl or Br) respectively, by reaction of GeX 4 and PMe 3 in the absence of a solvent, and used detailed IR and Raman studies to identify the products. In contrast, the reactions of PR 3 3 ]. Similar redox reactions occur with primary and secondary phosphanes, although the initial products often undergo further reaction with elimination of HX to form species such as R 2 PGeX 3 or RHPGeX 3 .
10 However Godfrey et al. 9 were able to prepare and structurally characterise the first Ge IV arsane, trans-[GeCl 4 (AsMe 3 ) 2 ]. The redox chemistry in the GeX 4 -PR 3 reactions (at least under some conditions) contrasts with that of the SnX 4 systems where simple adduct formation occurs with the majority of phosphanes and diphosphanes.
4-7 It should be noted however that P t Bu 3 and SnX 4 produce [P t Bu 3 X][SnX 3 ]. 8 Here we report the synthesis, structural and spectroscopic characterisation of a series of phosphane complexes of GeF 4 , further studies into the GeCl 4 and GeBr 4 reactions, and also studies of complexes of GeX 4 with arsane ligands.
Results and discussion

Germanium(IV) phosphanes
Our previous studies have shown that towards hard N-or Odonor ligands GeF 4 is a much stronger Lewis acid than GeCl 4 or GeBr 4 .
11 The Fig. 1 , and Table 2 contains selected bond lengths and angles. The germanium environment is approximately octahedral with the angles F-Ge-F slightly greater than 90
• , F-Ge-P slightly less than 90
• , and P-Ge-P 85.61(4)
• . As observed in GeF 4 (Fig. 2, Table 3 ) although the Ge-P bonds are slightly longer in the complex of the aryl-diphosphane, possibly due to its weaker r-donation. promotes air/dioxygen oxidation of phosphanes, although the reaction is considerably slower with germanium.
GeX 4 -PMe 3 (X = Cl or Br) systems
Following the successful characterisation of the phosphane adducts of GeF 4 , we re-examined the GeCl 4 -PMe 3 reaction in an attempt to elucidate the apparently contradictory literature,
6-9
and found that the reports from Beattie 6 and Godfrey 9 and coworkers are both valid, and that the species formed are extremely dependent upon the conditions. We distilled GeCl 4 onto neat PMe 3 at 77 K and allowed the mixture to thaw slowly. On melting, a vigorous reaction occurred which was moderated by judicious cooling, resulting in formation of a white powder. The Raman spectrum of this product (Fig. 3, top) 
] (vide infra).
The sample was then dissolved in rigorously dried CH 2 Cl 2 and the mixture immediately pumped to dryness. The Raman spectrum of this sample showed the features of the initial spectrum and some new bands in the region >350 cm −1 . The sample was redissolved in CH 2 Cl 2 , allowed to stand for 3 h and then taken to dryness. The Raman spectrum of this sample (Fig. 3, bottom) showed loss of the 267 cm feature, but new medium intensity bands at 314 and 260 cm H} NMR resonances at room temperature, but on cooling to < 220 K two triplets of equal intensity appear in regions typical of "cis"-GeF 4 units. However, microanalytical data obtained from different samples were always significantly low in C and H compared with expectation for [GeF 4 {o-C 6 H 4 (AsMe 2 ) 2 }], and the microanalytical data on the GeF 4 -AsR 3 systems reproducibly approximate to 1 : 1 compounds. In the latter case, the spectroscopic data (see Experimental section) would be consistent with either a cis disubstituted octahedron or an equatorially substituted trigonal bipyramid. We have been unable to obtain crystals of these complexes for X-ray studies and their precise nature remains unclear. There appeared to be no complex formation between GeF 4 and the weaker rdonor Ph 2 As(CH 2 ) 2 AsPh 2 . Thus, although GeF 4 appears to form adducts with some arsane ligands, these appear to be extensively dissociated in solution and far less stable than the phosphane analogues-a pattern also observed in the SnF 4 systems. 5 Isolation of pure complexes in the tin systems is complicated by the "SnF 4 " formed on dissociation, precipitating as polymeric [SnF 4 ] n , but in the germanium systems dissociation simply forms GeF 4 monomer, and the instability is therefore a direct result of the low affinity of the hard germanium Lewis acid for the soft arsenic centre.
The reaction of GeCl 4 with AsMe 3 in CH 2 Cl 2 or Et 2 O at ambient temperatures, produced colourless crystals of trans-[GeCl 4 (AsMe 3 ) 2 ] which were identified by comparison of their unit cell with the literature data. 9 A similar reaction using AsEt 3 in CH 2 Cl 2 followed by rapid isolation of the product gave white trans-[GeCl 4 (AsEt 3 ) 2 ] and crystals obtained from CH 2 Cl 2 showed a similar structure (Fig. 4, Table 4 ). The centrosymmetric molecule has Ge-As = 2.490(1) Å , slightly longer than that in trans-[GeCl 4 (AsMe 3 ) 2 ] (2.472(1) Å ). If the solution was allowed to stand for a few days very pale yellow crystals were deposited which were identified by their IR and Raman spectra as Et 3 AsCl 2.
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The identity was confirmed by the crystal structure (Fig. 5 , H atoms are omitted for clarity and displacement ellipsoids are shown at the 50% probability level. There are two molecules in the asymmetric unit. The second has the same symmetry and similar bond lengths and angles (see Table 5 ). Symmetry operations: a = 1 − y, x − y, z; b = 1 − x + y, 1 − x, z; c = x, y, −z. 2 ], again extensively dissociated in solution; extrapolation from the chloride suggests the Raman active a 1g Ge-Br vibration will be ∼180 cm −1 , below the limit of the instrument.
These results show that weak adducts form between GeCl 4 and AsR 3 (R = alkyl), but these are highly dissociated in solution, and slowly convert into R 3 AsCl 2 . The slower reduction by AsR 3 than by PR 3 reflects the relatively weaker reducing power of the arsanes.
Conclusions
The work has resulted in characterisation of the first phosphane adducts of GeF 4 and has shown that while GeCl 4 forms (unstable) complexes with some arsanes (but not others), these slowly convert into R 3 AsCl 2 . With phosphanes the reduction to Ge II is usually rapid and [GeCl 4 (PR 3 ) 2 ] complexes can only be obtained in the absence of solvents. The stability of Lewis acid-base complexes depends upon two major factors-the strength of the donoracceptor bond and the energy needed to reorganise the tetrahedral GeX 4 unit into the four-coordinate fragment of the octahedron. The latter is constant for fixed X, and thus the relative affinity for PR 3 vs. AsR 3 which is GeF 4 > GeCl 4 for the phosphanes, but appears to be reversed for the arsane compounds, must mainly reflect the difference in orbital energies and donor atom 'softness' between P and As. The reduction of Ge IV to Ge II is not evident in the fluoride systems, but is favoured for the GeCl 4 (and GeBr 4 ) reactions. This contrasts with the chemistry of SnX 4 (X = F, Cl, Br or I) all of which form phosphane adducts, although again the affinity of SnF 4 for arsanes is much less than for phosphanes. The chemistry observed with GeX 4 also seems to differ from the limited data reported for the SiX 4 systems, but we reserve detailed comparisons here until much more complete data are available. Studies are underway on the silicon tetrahalide complexes.
Experimental
GeF 4 was obtained from Aldrich and used as received. GeCl 4 (Aldrich) was distilled from a mixture of CaCl 2 -Na 2 CO 3 , which removes traces of water and HCl. MeCN with molecular sieve, and then the solution decanted off and pumped dry. The white solid obtained was used directly for EI mass spectrometry and IR spectroscopy studies (see Results and discussion for spectroscopic data).
The GeCl 4 -PMe 3 reaction
In a small Schlenk tube, GeCl 4 (∼0.15 g) was distilled in vacuo onto PMe 3 (0.105 g, 1.38 mmol) at 77 K. The mixture was cautiously allowed to warm and on melting immediately transformed into a white solid. The Schlenk was briefly evacuated to remove any excess reagent and then filled with dry dinitrogen; the Raman spectrum of the solid was recorded without removing it from the Schlenk. The solid was then dissolved in CH 2 Cl 2 (20 mL) and the solution allowed to stand for 3 h and then pumped dry. The solid was identified as [PMe 3 Cl][GeCl 3 ] (see text for spectroscopic data).
X-Ray crystallography
Details of the crystallographic data collection and refinement parameters are given in from Et 2 O solution by slow evaporation under dinitrogen. Data collection used a Nonius Kappa CCD diffractometer using graphite or confocal mirror monochromated Mo-Ka X-radiation (k = 0.71073 Å ). Crystals were held at 120 K in a nitrogen gas stream. Structure solution and refinement were generally routine, 30-33 except as described below with hydrogen atoms on C introduced in calculated positions using the default C-H distance.
The data for Et 3 AsCl 2 was collected as a monoclinic C lattice using the automated software with b close to 90
• , however inspection of the data with Layer 34 gave an orthorhombic system as being probable. No satisfactory solution emerged in any of the possible orthorhombic space groups with the initial promising molecules failing to refine. The strategy of trying to solve the structure in P1 was explored and the transformation matrix by good fortune produced a cell that looked remarkably hexagonal. A solution with Z = 2 in P1 readily followed (R1 = 0.042), but with severe correlation problems during refinement. The triclinic coordinates were finally transformed to the correct hexagonal system. The systematic absences for the transformed data gave 000l = 2n, but it was likely from the As positions that this was not arising from relationships between symmetry related molecules, but rather from the difference in the z coordinates of these two atoms (and the other atoms). The only hexagonal space group that would accommodate the molecular symmetry found in the triclinic model was P6 (no. 174). This model converged to R1 = 0.034 with 36 refined parameters compared with 164 parameters in the triclinic model. Chemically the two models are the same, but in crystallographic terms the higher symmetry is preferred. Selected bond lengths and angles are given in Tables 2-5. CCDC reference numbers 665905-665910. For crystallographic data in CIF or other electronic format see DOI: 10.1039/b716765b
